The particulate hydrogenase of Vibrio succinogenes is solubilized during treatment of cell envelopes at pH 11.0. Alkali-solubilized enzyme requires sulfhydryl compounds for activity. At neutral pH, soluble enzyme is reincorporated into alkalitreated cell envelopes and no longer requires an additional activator. In the present study, cell envelopes prepared by lysing cells with ethylenediaminetetraacetic acid plus lysozyme (EDTA-lysozyme) were used to determine the chemical composition of cell envelopes and derived pH 11.0 soluble and insoluble fractions and to investigate some properties of the binding and activation of alkali-solubilized hydrogenase. Lysis with EDTA-lysozyme resulted in the formation of spheroplast ghosts. The derived cell envelopes contained 61% protein, 3% ash, 23% lipid, and 1% phosphorus. The alkali-treated cell envelopes contained 50% protein, 2% ash, 24% lipid, and 1 % phosphorus. The ash from cell envelopes and alkali-treated cell envelopes was rich in iron and phosphorus and also contained calcium, copper, magnesium, sodium, and zinc. Virtually all of the weight of the ashed samples was accounted for by the oxides of these metals. Since the reconstitution of particulate hydrogenase was achieved with pH 11.0 supernatant solution and precipitate, intact mucopeptide is not essential for hydrogenase binding. Release of hydrogenase during EDTA-lysozyme lysis was found to depend upon an apparent structural change which occurs in the membranes during extended storage at -20 C.
Vibrio succinogenes is a cytochrome-producing anaerobe which was isolated from bovine rumen fluid by Wolin et al. (14) . Hydrogen and formate serve as electron donors for growth, whereas nitrate, malate, and fumarate serve as electron acceptors. The components of the oxidationreduction systems which provide energy for growth appear to be localized in the cell envelope (1, 13) .
Wolin (13) reported the lysis of V. succinogenes with ethylenediaminetetraacetic acid (EDTA) or lysozyme in a hypotonic medium at alkaline pH. Aspen and Wolin (1) found that the hydrogenase activity was associated with the cell envelopes after EDTA lysis at pH 9.0. Virtually all of the hydrogenase was found in the 81,000 x g supernatant solution after treatment of the cell envelopes at pH 11.0. The activity of the soluble enzyme, but not of the envelope enzyme, was dependent upon sulfhydryl compounds. At neutral pH, the soluble enzyme was reincorporated into the alkali-treated envelopes and no longer required sulfhydryl compounds for activity.
In an effort to elucidate material involved in reconstitution of particulate hydrogenase, we examined the chemical composition of V. succinogenes cell envelopes. These studies and further examination of hydrogenase binding and activation are reported in this communication.
MATERIALS AND METHODS Growth of organism. V. succinogenes was grown in 20-liter batches as previously described (13) . Cell suspensions were prepared as previously described (13) .
Cells harvested from 20 liters were resuspended in 1,400 ml of a solution containing 0.15 M NaCl, 1.0 mM MgCl2, and 0.01% ,B-mercaptoethanol. After centrifugation at 2,500 X g for 60 min, the cells were washed with 100 ml of the wash solution, with centrifugation at 17,000 X g for 10 min. Final resuspension was in 20 ml of the wash solution. Resuspended cells were stored under H2 at -20 C. Resuspension of precipitated cells in each of the procedures described herein was performed with a syringe.
Lysis. The cell suspensions were stored for prolonged periods at -20 C before use and were highly viscous when thawed. The viscosity was reduced when cells were stirred in the presence of a few drops of 160 HYDROGENASE IN V. SUCCINOGENES ENVELOPES 0.1 M MgCl2 and several crystals of deoxyribonuclease (Worthington Biochemical Corp.). The deoxyribonuclease-treated cells were washed in 3 volumes of water with centrifugation at 14,000 X g for 10 min, and were lysed with EDTA as previously described (1), except where indicated in the text. Lysis was followed by centrifugation at 81,000 X g at 0 C for 60 miin to separate cell envelopes from soluble material. For the binding and activation studies, the precipitated cell envelopes were washed three times with 35-mil portions of water and were resuspended to 20 ml with water. The lysis supernatant solutions were dialyzed overnight at 4 C against 60 volumes of 10 mM tris(hydroxymethyl)aminomethane (Tris) buffer, pH 7.0. The resuspended cell envelope preparations were dialyzed, as described above, against 100 volumes of buffer. The lysis fractions were stored under H2 at -20 C.
Solubilization and reconstitution of hydrogenase. Hydrogenase was solubilized and reconstituted essentially as described by Aspen and Wolin (1) . Suspensions of washed cell envelope (10 ml) were brought slowly to pH 11.0 with 0.25 N NaOH. After adjusting the volume to 20 ml with water, suspensions were stirred for 90 min at 25 C and centrifuged for 60 min at 81,000 X g at 0 C. Supernatant solutions and resuspended precipitates were dialyzed against 115 volumes of buffer as described above for the lysis fractions. The pH 11.0 fractions were stored under H2 at -20 C.
For hydrogenase reconstitution, pH 11.0 supematant solution and pH 11.0 precipitate were shaken together for 30 miin in air at 25 C in 0.055 M Tris buffer (pH 7.0) in a final volume of 6.0 ml, and were centrifuged for 60 min at 81,000 X g at 0 C. The supernatant solution was decanted, and the precipitated material (reconstituted enzyme preparation) was suspended in 3. Pentose determinations. Deoxyribose was determined by the method of Burton (2), and ribose was determined by the orcinol method as described by Schneider (12) .
RESULTS
Solubilization of particulate hydrogenase. Cells of V. succinogenes were lysed with EDTA, lysozyme, or EDTA plus lysozyme (EDTA-lysozyme). Lysozyme destruction of cell wall mucopeptide would eliminate this constituent from an analytical comparison of chemical constituents in the lysis fractions, and the effect of mucopeptide upon the reconstitution of particulate hydrogenase could be examined. When cells stored at -20 C for 7 to 8 months were lysed with lysozyme or EDTA-lysozyme, 27 and 31 %, respectively, of the initial hydrogenase present in the cells was solubilized (Table 1) . Only 13% of the initial hydrogenase present in these cells was solubilized during EDTA lysis. Another 40% of the initial hydrogenase activity was released during three water washes of the EDTA-lysozymelysed cell envelopes. That the presence of lysozyme in the lysis medium destroyed mucopeptide was suggested by phase microscopic examination of the cells, in which rounded, ghost-like bodies (13) were seen after lysis of the vibrio with lysozyme or EDTA-lysozyme. With EDTA lysis, vibrio-shaped bodies with the appearance of ghosts were seen. The solubilization of large quantities of hydrogenase during lysozyme or EDTA-lysozyme lysis appears to be a function of a change in the membranes that occurs during storage of cells for prolonged periods at -20 C. With cells stored up to 26 months at -20 C, there was a consistent release of large quantities of hydrogenase during lysis; however, in fresh cells held 1 to 5 days at -20 C, only 2.0% of the washed cell hydrogenase was released during EDTA-lysozyme lysis.
EDTA and EDTA-lysozyme lysis of frozen, aged cells resulted in the solubilization of hydrogenase that was active in the absence of ,B-mercaptoethanol; however, hydrogenase solubilized during lysozyme lysis was nearly inactive in the absence of 13-mercaptoethanol (Table 1 ).
This suggests that EDTA and EDTA-lysozyme may release membrane-bound hydrogenase with an activating factor attached or that the very small quantities of EDTA present after dialysis of the lysis supernatant solution are capable of activating the soluble enzyme.
Although equal amounts of cell envelopes obtained after lysis with EDTA, EDTA-lysozyme, or lysozyme contained different amounts of hydrogenase, treatment at pH 11.0 released equal amounts of hydrogenase from each preparation (Table 2) . From 20 to 30% of the cell envelope protein was released with alkali. The pH 11.0-extracted hydrogenase from each of the cell envelope preparations required f3-mercaptoethanol for activity. When the pH 11.0-solubilized activity was expressed as the percentage of the initial cell envelope activity ( (1) demonstrated that reconstituted, particulate hydrogenase, prepared from pH 11.0-solubilized hydrogenase and pH 11.0-treated envelopes, has no ,l3-mercaptoethanol requirement. The lack of a f3-mercaptoethanol requirement for alkali-solubilized enzyme in the presence of the pH 11.0 precipitate may, therefore, be considered as a measure of reconstitution. Thus, the activation of pH 11.0 supernatant solutions by pH 11.0 precipitates was tested to establish whether hydrogenase solubilized from (Table 5) , further study will be necessary to determine whether the differences are significant. All of the fractions were mainly composed of protein and lipid. Little dialyzable material was produced during pH 11 .0 treatment of the envelopes. The dry weight recovered in the dialyzed pH 11.0 supernatant solution and precipitate was 98 % of the envelope dry weight. The polysaccharide present in the envelopes was not DNA because chromatography of acid hydrolysates gave no indication of deoxyribose, although measurable amounts of ribose and other unidentified reducing sugars were detected. Separate determinations showed 26. 4 ,g of ribose and no more than 8 ,ug of deoxyribose in 10 mg (dry weight) of envelopes. The lipid to phosphorus ratios in the fractions suggest that the bulk of the lipid is phospholipid, with an approximate ratio of 33 (10) for phospholipid. Determination of phosphorous in the lipid fraction, however, is necessary for establishing the characteristics of the lipids.
The metal composition of the cell envelopes before and after pH 11.0 treatment is presented in Table 6 . The metal present in greatest abundance was iron. It is possible that some of the iron in the cell envelopes represented nondialyzable aggregates of iron salts from the growth medium which precipitated with the particulate fractions during lysis, washing, and alkali treatment. Table  6 also indicates that 0.007, 0.005, and 0.065% of the dry weight of cell envelopes was accounted for by calcium, magnesium, and zinc, respectively. Eagon et al. (5) reported that the cell walls of Pseudomonas aeruginosa contained 0.15% calcium, 0.20% magnesium, 0.09% zinc, and 7.0% total ash (expressed as per cent of the dry weight of the walls). Each of these metals was released during lysis of the pseudomonad with EDTA or EDTA-lysozyme, but not after lysozyme treatment which gave no appreciable lysis (4). Thus, Eagon and Carson (4) concluded that divalent metal ions are essential to the integrity of the cell wall in P. aeruginosa. Since the data presented in Table 6 were obtained on dialyzed, EDTA-lysozyme-treated V. succinogenes cells, it is possible that much of the calcium and magnesium was removed during lysis by EDTA chelation. Table 6 also shows that considerable quantities of metals were removed during pH 11.0 treatment of the cell envelopes, since the pH 11.0-treated cell envelopes were not enriched in any metals examined.
To test whether all of the ash could be accounted for by oxides of the metals examined, calculations of the total weights of most probable oxides of each of the metals were carried out. Since 1.0% of the cell envelopes was previously accounted for as phosphorus ( a A washed cell suspension (80 ml) held for 10 months at -20 C was lysed in 6.7 mm borate buffer (pH 9.0) containing 0.0067% ,3-mercaptoethanol, 13 .3 mm EDTA, and 0.033% lysozyme in a final volume of 120 ml. The lysis precipitate was washed three times in 20 ml of water and was resuspended to 58 ml with water; supernatant solution and washed precipitate were dialyzed against 32 and 52 volumes of buffer, respectively. Washed cell envelopes (29 ml) were brought slowly to pH 11.0 with 0.25 N NaOH, diluted to 39 ml with water, stirred, and centrifuged. The pH 11.0 precipitate was resuspended to 29 ml with water, and the pH 11.0 supernatant solution and precipitate were dialyzed.
b Expressed as glucose equivalents. r [Amount (mg) of respective constituent/amount (mg, dry weight) of fraction] X 100. in iron. The total weight of the probable oxides accounted for virtually all of the ash. In the cell envelopes, 98.8% of the ash was accounted for by the total probable oxides, whereas 96.3% of the ash from the alkali-treated cell envelopes was accounted for by the oxides. The phosphorus content of the dry ash was, however, lower than that of the cell envelopes and alkali-treated cell envelopes after wet ashing (Table 5 ). This was probably the result of melting and sublimation of P205 during dry ashing.
DISCUSSION
The cells employed in this investigation were stored at -20 C for periods of 7 to 10 months before lysis. The high viscosity of thawed cells and the reduction of viscosity by deoxyribonuclease suggests that large quantities of deoxyribonucleic acid (DNA) were released on thawing. With fresh cells held at -20 C for 1 to 5 days before lysis, the cell suspensions were not highly viscous when thawed. Other properties of aged cells were: about 30% of the initial washed cell hydrogenase was released during EDTA-lysozyme lysis, hydrogenase released during EDTA or EDTA-lysozyme lysis required no additional activator, and the hydrogenase solubilized by pH 11.0 extraction of cell envelopes could be readily activated with EDTA.
The difference in properties between cells held several months at -20 C and those held a few days at -20 C may be related to the effects of extended low temperature storage on membrane structure. All thawed cells retained a vibrio morphology, but the extensive release of DNA on thawing cells frozen for extended periods suggests that the structural integrity of these cells was impaired and that membrane breakdown occurred. Since the aged cell preparations assumed a spherical shape on lysozyme and EDTAlysozyme treatment, it appears that mucopeptide breakdown occurred during lysis. Lysozyme and EDTA-lysozyme treatment did not impair the reconstitution of particulate hydrogenase, indicating that intact mucopeptide is not essential for hydrogenase binding. The release of particulate enzymes during EDTA-lysozyme treatment was also demonstrated by Hunt et al. (6) , who established that the particulate nicotinic acid hydroxylase system was released during EDTA-lysozyme lysis of P.
fluorescens. An apparent structural change which occurs during extended freezing is necessary for the release of particulate hydrogenase during EDTA-lysozyme lysis of V. succinogenes. The activation by EDTA of pH 11.0-solubilized hydrogenase from cells held several months at -20 C and the lack of activation by EDTA of pH 11.0-solubilized hydrogenase from cells stored a few days at -20 C are not presently understood.
The protein, lipid, phosphorous, and reducing sugar content of the envelopes obtained after EDTA-lysozyme lysis is similar to that reported for protoplast membranes of gram-positive bacteria (11) . The dry weight of the precipitated, pH 11 .0-treated cell envelopes of V. succinogenes was mostly accounted for by protein, lipid, reducing substances, and ash. No selective enrichment in any of the major envelope components was apparent in the alkali-treated envelopes. Further fractionation of the alkali-solubilized and alkalitreated particulate fractions might be employed to elucidate the components necessary for reconstitution.
